This paper presents a computer model of a thermal decomposition reactor for medical waste in the ANSYS Fluent software package and results of a nonstationary calculation of a two-phase medium motion in a reactor with a nominal capacity, taking into account heat exchange, drying and pyrolysis of the material. The profiles of velocities and temperatures of the phases, the concentration of the reacting substances in the reactor were obtained.
INTRODUCTION
Medical waste (MW) account for a small part of the total amount of waste produced by the industrial and municipal sectors, but because of its hazard, the issue of its disposal is very important. This type of waste contains infected materials which consist of medical instruments, sharp objects, organic operating waste, chemical or pharmaceutical waste, as well as radioactive and cytotoxic waste or broken mercury thermometers [1] . In this regard, the sanitary regulations and standards set strict conditions for the treatment and special disposal regulations. Most categories should undergo decontamination and a change in physical configuration, precluding secondary use [2] . Their composition is very different and may not be uniform in time and depend on the operation mode of the medical institution (cleaning schedule, days of collection of medical samples for analysis, _____________ time of routine preventive measures). The results of studies of the morphological composition of MW (class B and C) presented in [3, 4] show that the greatest part of the waste of treatment-and-prophylactic institutions consists of textiles, paper, polymeric materials, gypsum, metal, rubber, glass, disinfectants, food and biological waste (Figure 1 ). At present, the main morphological groups of infected waste are polymeric and composite materials, rubber and textile products.
Combustion of MW is a highly effective way of its disposal, but MW's composition includes chlorine compounds, so due to its incomplete oxidation with oxygen dioxins and furans are formed-substances with strong toxicity that accumulate in a human body and the biosphere. This fact makes pyrolysis an optimal solution for thermal neutralization of MW.
Pyrolysis of organic substances is their thermal decomposition, carried out in an absence of oxygen with the formation of non-condensing gas, tar and coke. The use of pyrolysis technologies to MW due to high temperature guarantees its complete neutralization and excludes secondary use which is required by sanitary regulations and standards [2] ). Unlike combustion, the yield of dioxins and furans during pyrolysis is small due to the lack of oxygen. The heat of combustion of pyrolysis products -hydrocarbon vapors and gases is quite high due to the high content of polymers and plastics in MW. Gaseous products can be effectively burned and use the gained heat to maintain the pyrolysis process and supply heat consumers. The solid residue consists mainly of inorganic part of medical waste (glass, gypsum, metal) and a small amount of coke, which basis is carbon. One of the main problems in the design of MW pyrolysis installations is the heterogeneity of MW's morphological composition due to specific features of medical waste class B and C treatment. Depending on the content of certain components in the total mass heat and mass transfer processes, composition and calorific values of output products and the rate of thermal decomposition will vary. This fact complicates task and imposes additional requirements on the process of regulation and maintenance of continuous and trouble-free operation of the installation. Errors at the design stage may lead to the impossibility of stable operation of the object. Based on this, it is necessary to use modern means of numerical simulation to analyze the pyrolysis process.
RESEARCH OBJECTIVES
The object of the research is the thermal decomposition chamber of the continuous operation pyrolysis installation ( Figure 2 ). The reactor is a cylinder with a diameter of 0.5 m and a length of 1.7 m. The source material is loaded through a pipe 1 that adjoins reactor on the top. MW are pre-shredded and placed to the reactor of 10-20 mm in size. The shredded particles are moved by a screw 2, ensuring an average residence time in the reactor of 20 minutes. The heat required for the process is generated in the combustion chamber 3 and through the wall 4 is transferred to the reactor 5. Gas is removed through the pipe 6. The solid residue of pyrolysis is removed through the lower pipe 7. Some of the gaseous products are taken by the ejection burner 8 into the combustion chamber to ensure the autothermic process, the other part goes to the consumer. The main characteristics of the pyrolysis studied reactor are presented in Table I . The above-described problems of design and operation of this device require a deep understanding of the processes taking place inside the pyrolysis reactor. Taking into account the complexity of the process, the means of computational fluid dynamics (CFD) are used as a research tool.
DESCRIPTION OF THE COMPUTER MODEL
The objective of modeling of the pyrolysis process was solved numerically with the finite element analysis method in the ANSYS Fluent software complex. The unsteady problem of particle motion in two matched zones -sliding and stationarywas solved. In the moving zone, there was set rotating with a constant speed of 0.3 rpm, equivalent to the translational motion of the particles at a speed of 1 mm/s. Example of numerical simulation of a similar object is presented in [5] , where the problem of multistage pyrolysis of wood pellets was considered in the COMSOL Multiphysics software complex.
The authors have chosen Pressure Based Solver with a Phase Coupled SIMPLE algorithm (PC-SIMPLE). Flow medium was modeled as a two-phase: gaseous phase and the phase of the solid bulk material. Species Transport model was used for the gaseous phase which was modeled as a mixture. The solid material was modeled as the Eulerian phase with the inclusion of the Granular model. The friction between the phases was described by the Gidaspow model, the heat transfer between the phases was described by the Gunn model. MW particles were taken monofractional with a diameter of 15 mm, packing limit of the MW's bed is equal to 0.55.
The evaporation rate of the particle's moisture was set by an equivalent chemical reaction, which rate (kmol/(m 3 •s)) is determined by the following relation:
where k vap -kinetic constant of the evaporation reaction, s 
where k 0 -pre-exponential factor, s -1
; E a -activation energy, kJ/mol; R = 8.31 kJ/(mol•K) -universal gas constant; T -temperature of MW, K.
The kinetic constants of the process are taken from [6] , where the drying constant of municipal solid waste with a moisture content of 30% has been obtained by the thermogravimetric method. The pre-exponential factor is taken equal to k 0 = 14.5 s -1 , the activation energy E a = 25.97 kJ/mol, the reaction order n = 1.531, the reaction initiation temperature (dew-point temperature) t d.p. = 80°C. The heat of the evaporation is set equal to Q evap = 44 kJ/mol (2.44 MJ/kg).
Stages of solid material inert heating are determined by the heat capacity of the particles, assumed constant c p = 1800 kJ/kg. In the calculations, as the first approximation assumed that 25% of the MW's mass is moisture and the remaining 75% is the organic mass. Impact of mineral impurities that make up 5% of the mass of waste in this study was not taken into account but will be included in future calculations. The pyrolysis stage of the MW's organic mass was modeled by a onestep heterogeneous chemical reaction:
where MW org -organic mass of MW; char -semi-coke; tar -tarry matter (characterizes condensing gases); CH 4 -methane (characterizes non-condensing gases); H 2 O -water vapor; m, n 1 , n 2 , n 3 , n 4 -stoichiometric coefficients of the initial substance and reaction products. Another approximation in the calculations consists of assuming that the whole organic mass corresponds plastic: polyethylene with a molecular mass of μ PE = 200 kg/mol. The mass component composition of the plastic tarry matter obtained as a result of pyrolysis at a temperature of 600°C was taken from [6] . According to these data, 91.3% of the tar consists of carbon, 4.1% of hydrogen, 2.2% of nitrogen and other components that do not exceed 2.5% in total. Accepting the remainder of the other substances equal to nitrogen, the tarry matter can be represented by the equivalent molecule C 7.6 H 4.1 N 0.3 with a molecular weight μ tar = 100 g/mol. In the non-condensable pyrolysis gases of plastic, the predominant substance is CH 4 (more than 80% by mass), the fraction of each of the remaining components does not exceed 0.5%; therefore, it was decided, to simulate the yield of non-condensible gases by one equivalent substance -methane.
The stoichiometric coefficients are chosen in such a way (taking into account the molecular weights of pyrolysis products) to ensure following products mass fractions: semi-coke 21.4%, methane 41%, tar 29.1%, water vapor 8.5%. The kinetic constants are taken from [7] for high-density polyethylene: k 0 = 1.9•10 13 s -1 , E a = 220 kJ/mol, n = 1, reaction initiation temperature t in = 380°C. The heat of pyrolysis reaction is set equal to Q pyr = 460 MJ/mol (2.3 MJ/kg). The wall temperature of the shell of the reactor is assumed to be constant, equal to 1100 K (827°C), the wall of the screw is adiabatic, the temperature of the reactor's sidewall is assumed to equal to 600 K (327°C).
RESULTS ANALYSIS
The Figures 3-5 illustrate the results of numerical simulation of the pyrolysis process. Figure 3 shows the distribution of the solid phase in the reactor. The MW loading occupies a relatively small height of the reactor and its level is displaced in the direction of rotation of the screw. The portion of the MW pours from the rotor blades into the bottom of the reactor. Figure 4 characterizes the mass fractions of the gas components in the reactor. Figure 4a shows that intense evaporation zone occupies half the length of the reactor, as can be noted from the distribution of H 2 O concentration in the reactor volume. Further pyrolysis of dry MW begins, the most intensive stage of which occurs in the central part of the reactor.
The most intensive zones of evaporation and thermal decomposition of the MW ( Figure 5 ) correspond to the layers of the bed adjoining the hot walls and the rotor. This fact can be explained by the absence of radiant heat transfer in the model.
Based on the results of calculations, it was found that the moisture of the MW evaporates completely, the organic mass of the waste is processed to 70-75%, what can also be explained by the lack of accounting for the radiation heat transfer in the reactor. The average temperature of the gases at the reactor outlet is 460°C. 
CONCLUSIONS
The ANSYS Fluent software package was used to model pyrolysis reactor. Analysis of the results of numerical modeling of the thermal decomposition reactor showed the principal possibility of solving the specified problem by the means of computational fluid dynamics. The qualitative picture of the flow of phases and the distribution of components in the volume of the reactor have reasonable and realistic character.
Modeling without taking into account radiant heat transfer has shown that the moisture evaporation zone occupies about half the length of the reactor, and the organic mass of the MW decomposes incompletely (up to 70-75%). The results indicate that after the necessary modifications the model can be successfully used as a tool for the pre-design analysis of a pyrolysis reactor performance capability.
